A Digital Microfluidic Biochip (DMFB) offers a promising platform for medical diagnostics, DNA sequencing, Polymerase Chain Reaction (PCR), and drug discovery and development. Conventional Drug discovery procedures require timely and costly manned experiments with a high degree of human errors with no guarantee of success. On the other hand, DMFB can be a great solution for miniaturization, integration, automation, and cost reduction of drug discovery. DMFB can improve the parallelism of drug discovery procedures; since most procedures in drug discovery are concurrent and parallel, DMB can reduce the execution time of these bioassays. Therefore, there is a critical need to develop DMFBs to speed up the drug discovery applications and improve cost and error of these reactions. In this paper, a new architecture is used for drug discovery applications. The architecture is evaluated and compared with FPPC architecture. The experimental results prove that the new architecture is faster and cheaper than FPPC; it reduces all the important parameters such as total execution time, number of controlling pins, CAD algorithm execution time, and the area usage and its costs. There is an urgent need for collaboration between experts of drug discovery, microfluidic platform architecture and also machine learning to design a data-driven microfluidic architecture which improves the CAD algorithms by learning from prior knowledge.
INTRODUCTION 1
Drug discovery and development are the processes of discovering candidate medications and bringing new drugs. Nowadays, drug discovery and development applications, such as target selection, lead identification, preclinical tests, clinical trials, chemical synthesis, formulations studies, and product management [1], are very important in medicine and pharmacology. However, current drug discovery procedures are timeconsuming which are prone to errors. Digital Microfluidic Biochips (DMFBs) are electronic platforms for automation, parallelization, and costreduction of the biochemical reactions in point of care (POC) [2], DNA analysis, Polymerase Chain Reaction (PCR), and drug discovery and development, and other *Corresponding Author Email: jahanian@sbu.ac.ir (A. Jahanian) biological and chemical procedures. DMFBs integrate fluid-handling operations such as sample preparation, mixing, separation, and detections. Assay protocols run on a digital microfluidic by controlling discrete droplets with volumes in the ranges of nano-to pico-liter using a two-dimensional array of electrodes [3] .
DMFBs take advantages of computer-aided-design (CAD) tools for automation of the procedures. Moreover, Digital microfluidic biochips miniaturize the devices and also bioassays; thus DMFBs decrease the consumption of samples, reduce the likelihood of errors, and increase experimental throughput [4] .
Thus, using DMFB in drug discovery applications is very valuable because it not only can improve controllability and automat-ability but also can reduce the execution time of these concurrent bioassays. For example, sample collection, sample preparation, analytical processing, and detection, which are needed in drug discovery, can be automated on DMFB and can be accomplished by a sequence of droplet-mix-split steps on a digital microfluidic biochip [5] . Besides, in dilution of a sample, a special case of sample preparation can be performed on DMFB by mixing two different types of fluids with the desired concentration factor (CF) [5] .
Moreover, protein determination techniques have widely used in drug discovery applications [6] ; but for many of such procedures, the assays are typically performed manually, so the processes are slow, inefficient, expensive, and error-prone. Moreover, studies have focused on the application of digital microfluidic biochips on protein concentration assays. Some researchers have also demonstrated the feasibility of performing a protein concentration assay on a digital microfluidic biochip [7] . A DMFB for the Bradford protein assay using Field-Programmable Pin-Constrained (FPPC) is proposed [7] . The basic fluidic operations in protein concentrator assays, such as transportation, mixing and splitting of droplets can be performed by FPPC. However, no DMFB has been proposed for performing BCA protein assay that is typically preferred over other protein concentration assays. Customized DMFBs are not developed for performing common drug-based assays such as the assays for the synthesis of aspirin and acetaminophen.
Furthermore, some researchers have used microfluidics for enzymatic synthesis, amplification, and application of DNA, such as analyzing DNA assay and enzymatic assay for analysis of new compounds [8] . DMFB technique is also applied in proteomics. As shown in [9] , a digital microfluidic platform for the detection of protein biomarkers, which can quantify protein abundance and activity, is proposed. For this purpose, interleukin-6 abundance was quantified from concentrations as low as 50 pM and Abelson tyrosine kinase activity was determined in samples containing 100 pM of kinas [9] . Other studies have shown the use of microfluidic technology for preparing partial samples, performing a portion of the assay for lysosomal storage diseases, and analyzing dried blood spot [10] . A microfluidic chip for the detection of rubella infection by using the magnetic beads is developed [11] . Besides, a DMF platform for multiple detections is introduced by Samiei [8] .
In addition, analysis of single cells is very important in studying drug development and many researchers have used microfluidics for studying single-cell analysis. Some microfluidic chips have been reported to capture single cells and to determine the impedance of the cells or circulating tumor cells. Furthermore, a microfluidic chip to trap single cells and to measure the impedance on cell membranes is demonstrated [12] . Recently, as represented in literature [13] , a microfluidic technique capable of probing single cells is introduced. An assay of the deformability of native populations of leukocytes and malignant cells in pleural effusions was enabled on the biochip.
Lab-on-Chip technology as a novel technique offers a wide range of benefits for drug discovery applications. DMFB is capable to improve the controllability in drug discovery; it can process large droplets of biological and chemical solutions. For instance, DMFB is used in drug design by applying the concentration gradient of a drug. For instance, according to literature [5] , in bacterial susceptibility tests, samples are needed in multiple concentration factors. It is important to measure the minimum inhibitory concentration (MIC). MIC is the minimum amount of an antibiotic that inhibits the visible growth of isolated bacteria. The drug with the highest dilution is proposed to have satisfied MIC. Therefore, for these tests, drugs with different dilutions are required. In addition, preparation of a given target CF on digital microfluidic biochip needs a sequence of mix-split steps [5] . A new approach for multi-target CFs is proposed [5] .
Furthermore, digital microfluidic has the capability of integration with conventional setups. For instance, a droplet-on-demand (DOD) platform was used to produce micro-droplets for high-throughput drug screening. An automated DOD is proposed by Dressler et al. [14] and enzyme kinetics and inhibition were investigated. In addition, using microfluidics, the partitioning of drug molecules in different oil media was investigated. Also, a droplet-based microfluidic platform was used to screen a drug library of more than 700 inhibitors for inhibition of different target enzymes for different diseases [14] .
Although microfluidic platforms are valuable techniques, traditional DMFB architectures have drawbacks; especially the current architectures have to be customized for drug discovery acceleration. This work uses and evaluates a new digital microfluidic platform, Programmable Bio-Cell Matrix (PBCM-), for accelerating the execution time of bioassays. Using Can flow algorithms, PBCM performs basic bio-operations in parallel [15] . PBCM is compared by FPPC by our proposed case studies, such as assays of aspirin, acetaminophen, and the BCA protein assay.
The rest of the paper is organized as follows: Section 2 is a review on digital microfluidic biochips. In section 3 related prior art on the biochip architectures are briefly summarized. The performance procedure of case studies is presented in section 4. In Section 5, evaluation and experimental results are discussed. Finally, in section 6 the paper is the conclusion.
DIGITAL MICROFLUIIDIC BIOCHIP (DMFB)
Digital microfluidic biochips manipulate and control discrete droplets by using the electrowetting-on-dielectric (EWOD) phenomenon [16] . As Figure 1 shows a basic cell of a DMFB cnsists of two electrode layers coated with a hydrophobic layer between which droplets are placed [17] .
The hydrophobic dielectric insulator is added to the two parallel plates to decrease the wettability of the surface and to increase the capacitance between the droplet and the control electrode [18] . The top plate in the DMFB is coated with a continuous ground electrode. The bottom electrode layer contains an array of individually controllable electrodes, which is patterned to implement reservoirs or channels. These electrodes are derived by a sequence of voltage patterns (actuation sequences) and are used to handle operations, such as transport, mix, split/merge, store, detect, and dilution [17] . Some droplet operations performed on digital microfluidic biochip is shown in Figure 2 .
By applying a voltage to an electrode adjacent to the droplet, the droplet is moved and the electrode under the droplet is deactivated [18] . The results of the synthesis are programmed into a microcontroller that controls the voltages of electrodes in the array. By varying the patterns of control voltage activation, basic assay operations such as dispensing, transport, mixing, merging, heating, incubation, and splitting can be performed on-chip in a programmable fashion. For example, a mixing operation can be performed by moving two droplets to the same cell and then turning them about a pivot [19] .
As shown in Figure 3 , a DMFB needs additional components, which together form a cyber physical digital microfluidic biochip. These components include: a computer for generating and sending actuation sequences to DMFB; sensors for gathering information; actuators add extra processing capabilities like heating [20] . The digital microfluidic biochip offers software-based control of multifunctional biochips and uses CAD tools for the automated synthesis and optimization of biochips from bioassay protocols. The platform offers the flexibility of dynamic reconfigurability since the basic operations can be performed anywhere on the array. Other operations such as dispense and output are performed by I/O reservoirs on the chip's perimeter; detectors are placed in a special location of the biochip. As shown in Figure 1 , Optical detectors like LEDs can be integrated in digital microfluidics to monitor colorimetric bioassays [21] .
DMFBs can be used to perform an assortment of bioassays. Automated design flow is used to compile bioassays on-chip into a software program to activate the electrodes [22] . As shown in Figure 2 , three steps must be done before performing an assay on-chip. These steps are scheduling, placing, and routing, which constitute the synthesis flow of any typical DMFB. DMFB Synthesis activate the proper sequence of the electrode for performing operations at any times during assay execution.
In Figure 4 , the nodes represent inputs, outputs, and operations of the assay. The inputs to the synthesis flow of any DMFB include assays that are specified as directed-acyclic graphs (DAGs) [23] and architectural specifications of the DMFB including dimensions and locations of inputs and output reservoirs.
In the first stage (e.g. scheduling), scheduler ensures the constraint between operations are met and assigns each operation to a start and end times [24] . At the placement step, the location of each operation on the array is determined. Operations are placed to modules (specific set of electrodes) at the specified time steps. The routing step is after placement of modules in which the movement of droplets, between modules, from input to modules, and from modules to output reservoirs are computed [25] .
DMFBs enable real-time decision making for sample processing but are not as effective for interfacing to the external world. Thus, for solving this drawback, hybrid microfluidic systems are proposed which can suggest a synthesis method that controls experiments in a dual-domain microfluidic setting [26] . Figure 5 shows an efficient on-chip implementation of a single cell analysis protocol on a hybrid platform [26] .
DMFB ARCHITECTURES
The Programmable Bio-Cell Matrix (PCB) is a twodimensional planer array of controllable electrodes in which each electrode is controlled via an external pin. PCB is complex and expensive due to the number of control pins and expensive multi-layer PCBs [27] . FPPC offers a general-purpose architecture that decreases the Figure 5 . The hybrid platform for single-cell analysis [26] control pins and PCB layers and so reduces the corresponding costs. In FPPC, there is a routing column between modules, the routing paths are vertical and horizontal, operating modules are fixed, and time scheduling is performed at the design time but the placement is determined at the usage time [28] .
FPPC is an inexpensive architecture but decreases flexibility on chip because the operations cannot be performed in parallel. PBCM is a general-purpose architecture that maintains flexibility and efficiency for large assays with massive parallel operations. Furthermore, PBCM can be reconfigured for any bioassays without the need to fabricate a new chip. PBCM constitutes an array of Configurable Bio-Cells (CBCs) which contains the necessary modules for carrying out the operations, and the routing paths between CBCs are controlled by some electrodes. Figure 6 is shown a PBCM with 9 cells whose CBCs are connected by using the routing paths. PBCM can perform 9 parallel mixings, splitting, and storage operations [16] .
DRUG DISCOVERY ACCELERATION ON DMFB
As said before, drug discovery requires long-time experiments of the drug. These experiments are very time-consuming with great human and material costs. Moreover, manned operation of these experiments faces with considerable error rate. In this paper, the impact of using the DMFB to mitigate the problems of drug discovery is evaluated. We selected BCA protein assay and the assays for synthesis of aspirin and acetaminophen as our case studies.
1. BCA Protein Concentration Assay
The protocol for the BCA protein assay is as follows. A solution droplet is prepared by mixing Bicinchoninic Acid, sodium carbonate, sodium tartrate, sodium bicarbonate, 0.1N NaOH with CuSO4.5H2O on the chip, preparing a large solution droplet for all the samples. After performing multilevel splitting on the large droplet, eight identical small droplets are obtained.
Then, a droplet of the protein sample is dispensed into the chip. The multi-level split is performed as a series of binary splits/mixes. For example, after the first level split, a sample droplet of protein concentration c1 is mixed with the first small solution droplets. In the second level split, a sample droplet of protein concentration c2 (=c1/2) is mixed with the second solution droplet. Continuing these steps and finally the 6th solution droplet and a droplet of protein concentration c6 (c1/32) are mixed. In summary, in each level, solutions ranging in concentration from c1 to c1/32 are prepared. Then, the mixed and diluted droplets (after mixing the solutions and the samples) are transported to some electrodes and are measured using detectors [29] . Finally, a standard curve is produced based on the protein standard concentration, plotting the protein concentration versus the absorbance. Figure 7 shows flow graph of the BCA protein assay [30] .
In Figure 7 , the colors of light blue, green, orange, blue, and grey are being used to represent dispense, output, mixer, split, and store for all mix and split operations, respectively.
2. Synthesis of Aspirin and Acetaminophen
For aspirin preparation, salicylic acid (C7H6O3) and acetic anhydride (C4H6O3) are dispensed and mixed.
Then, the result is mixed with a droplet of concentrated sulfuric acid (H2SO4). The resulted droplet is mixed with a droplet of water on the biochip. Furthermore, acetaminophen is prepared by mixing a droplet of water with an acid anhydride and then mixing the result with an amine (p-aminophenol) on the biochip. Figures 8 and 9 demonstrate the assay flow graph of aspirin and acetaminophen, respectively. The time and the color of operations are similar to Figure 7 [30] .
EXPERIMENTAL RESULTS
In this work, we prove that PBCM improves our three drug-related study cases. Before reporting the simulation results, we propose some assumptions. For evaluating the efficiency of FPPC and PBCM, both architectures are simulated on a 1.60GHz Intel Core i5-5250U, 4GB of RAM, within UCR SSS framework [31] , which is an open-source digital microfluidic biochip synthesis framework for implementing the DMFB's CAD algorithms. Also, for evaluation of the architectures, the results are reported in terms of assay experimental time, characteristics of the architectures, and CAD execution time. We implemented the three study cases in both PBCM and architectures and the results are compared as it is discussed in the next section. Table 2 shows a comparison of the characteristics of both architectures and has 4 columns: Assay, Array Dimension, #Electrodes, and #Pins. Column Array Dimensions represents rows and columns of chip and columns #Electrodes and #Pins show the number of electrodes and pins on the microfluidic biochip. The results in Table 2 prove that with PBCM, the number of electrodes is increased by 0.27% while the number of controlling pins is improved by 6.68%. Also, in PBCM the area is improved. Table 3 compares the CAD algorithm execution time of both designs. Columns Scheduling Time, Placement Time, and Routing Time demonstrate the total time that required for completing scheduling, placement, and routing in UCR SSS. Table 3 proves that the scheduling time and routing time in PBCM-DMFB synthesis flow are both improved by 27.32% and 60.28% respectively.
1. Total Experimental Time

2. Characteristic of the Architectures
3. CAD Algorithm Execution Time
CONCLUSION
In this work, a new DMFB architecture for drug discovery and development is introduced and evaluated by several case studies; our simulation proved that this new design can speed up the process and reduce the costs. This work prove that digital microfluidic platform has the potential to improve drug discovery applications greatly. But, there is an urgent need for collaboration between experts of the drug discovery, microfluidic platform architecture, and also machine learning to design a data-driven microfluidic architecture which by learning from prior knowledge, improves the CAD algorithms. In the future, drug discovery process would be revolutionized by combining microfluidic for acquiring data with machine learning for analyzing data.
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